Introduction
As a rule, the inclined stems and branches of gymnosperms simultaneously form welldeveloped compression wood on the lower part and suppressed opposite wood on the upper part, and this radial growth eccentricity may be the result of auxin redistribution caused by the action of gravity (Yamaguchi et al. 1983) .
Compression wood is distinguished easily by its darker colour from surrounding tissues and occurs in Ginkgoales, Coniferales, and Taxales among the gymnosperms (Timell 1978 (Timell , 1986 . Most of its anatomical features have been thoroughly investigated by many researchers since long. Despite coexistence of opposite wood with compression wood, however, less studies have been concentrated on the opposite wood or comparison of this opposite wood with compression wood.
In earlier studies many anatomical differences were found between compression wood and opposite wood (TimellI973, 1986; Park et al. 1979 Park et al. , 1980 Yoshizawa et al. 1981; Lee & Eom 1984; Eom & Lee 1985) and normal coniferous wood was considered as an intermediate between opposite wood and compression wood (TimellI973).
This paper offers an anatomical comparison between compression wood and opposite wood in the branch of Korean pine (Pinus koraiensis S. et Z.), a species hitherto not studied in this respect.
Materials and Methods
The compression wood and opposite wood Fig. 1 ) were obtained from a branch of Korean pine (Pinus koraiensis) on the campus of the College of Agriculture, Seoul National University, Suwon, Korea, and their subdivided blocks of c. 1 cm 3 size were immediately softened in water in an autoc1ave for 90 minutes. From these blocks, cross, radial and tangential sections of 20 J.IlIl thickness were cut with a sliding microtome and permanent slides were prepared following generallaboratory techniques (Japan Wood Research Society 1985) .
In the quantitative analysis of each tissue the lengths of 100 randornly selected tracheids were measured from macerations ob- tained with Schultze's solution (Berlyn & Miksche 1976) by the aid of an optical bench comparator and wall thickness was measured from five cross sectional micrographs. The numbers ofvertical resin canals were counted in cross surfaces of 4 1t mm', and horizontal resin canals (fusiform rays) and biseriate rays in tangential surfaces of 4 1t mm', based on 10 randomly selected parts. The numbers of uniseriate rays per mm' were counted in 20 randomly selected parts of tangential surfaces in permanent slides. The height and widths of 50 randomly selected fusiform rays and the heights of 100 randomly selected uniseriate rays were also measured.
Results and Discussion
The transition from earlywood to latewood is very gradual in compression wood but abrupt, though wide rings generally show a more gradual transition than narrow ones, in opposite wood (Figs. 2 & 3) and the demarcation between earlywood and latewood is more difficult in compression wood. This is in agreement with TimeIl (1973 TimeIl ( , 1986 who reported that the transition in opposite wood was abrupt in narrow increments but IAWA Bulletin n.s., Vol. 9 (3),1988 became more gradual in wider rings. A gradual transition in compression wood and abrupt transition in opposite wood were also indicated in our previous studies (Lee & Eom 1984; ßom & Lee 1985) .
The growth ring widths are in the range of 0.9 to 5.1 mm in compression wood and 0.3 to 2.1 mm in opposite wood, which means that the ring width in compression wood is wider than in opposite wood and that in both ring width is very variable. Opposite wood shows great variation in the proportion of latewood. Some growth rings consist almost exclusively of earlywood. Latewood proportion may also vary within a ring. In compression wood a more or less constant larger latewood proportion is observed. Jaccard (1919) indicated considerable variation of growth ring width in opposite wood and TimeIl (1973) reported that these ring widths in opposite wood varied greatly with wide rings containing a much higher proportion of latewood than the narrow ones, contrary to Mork's observation (1928) that the narrow increments had a higher proportion of latewood than the wider ones. Core et al. (1961) reported instances where the complete width of the ring in compression wood was made up of thick-walled, rounded tracheids causing the ring to appear to be made up entirely of latewood. Park (1983) also suggested that growth ring width and latewood proportion decreased continuously at a relatively steep rate from the compression wood side to the opposite side.
The shape of compression wood tracheids, when viewed in cross seetion, is round with the exception of the vicinity of growth ring boundary (Fig. 4) as reported by Cöte et al. (1967) and Yoshizawa et al. (1982) , but opposite wood tracheids show more or less square and rectangular shapes in earlywood and latewood respectiveIy (Fig. 5) . In the comparison of opposite, normal, and compression wood by TimeIl (1973 TimeIl ( , 1986 , the outline of tracheids was reported as square or rectangular in opposite wood, angular in normal wood, and round in compression wood.
Intercellular spaces are present in compression wood with the exception of the vicinity of the growth ring boundary (Fig. 4) ; they are absent in opposite wood. This phe-nomenon is related to the shape of tracheids in cross section. Intercellular spaces are known to be present frequently in compression wood of Larix, Picea, Pinus, and Pseudotsuga (TimellI981, 1986) .
Normal vertical and horizontal resin canals are present both in earlywood and latewood of compression wood and opposite wood, buttraumatic vertical resin canals are observed only in compression wood (Fig. 6 ). The vertical epithelia in compression wood are arranged in vasicentric, aliform, and confluent forms (Fig. 7) while the opposite wood only shows the vasicentric type in analogy with the classification ofaxial parenchyma in hardwoods (lA WA Committee 1964). Tylosoids arisen through the proliferation of thin-walled epithelial cells arecommonly detected in these resin canals of compression wood and opposite wood. TimeIl (1973) observed normal resin canals both in the earlywood and latewood of opposite wood. Traumatic resin canals in compression wood were observed in some species by Core et al. (1961) and these authors concluded that they are not a constant feature of compression wood. Sato and Ishida (1983) in comparing vertical resin canals in compression wood and normal wood noted a smaller number of vertical resin canals, more frequent occurrence of narrow vertical canals, more frequent absence ofaxial parenchyma cells, a lower proportion of thin-walled axial epithelial cells, and a higher proportion of irregularly shaped axial epithelial cells in compression wood.
Helical cavities are observed only in compression wood both in earlywood and latewood (Fig. 8) . TimeIl (1978) suggested that these cavities developed into checks of schizogenous origin which were probably forrned on drying and sometimes associated with pit openings. Wardrop and Davies (1964) , Cöte et al. (1968) , and Timell (1979 Timell ( , 1986 gave some attention to the origin of helical cavities, perhaps the most conspicuous feature of compression wood, but this problem has not been resolved as yet. Occasionally distorted tracheid tips occur in compression wood (Fig.  9) ; they were not found in opposite wood. This tracheid distortion was indicated as a feature of compression wood by Onaka (1949) and Wardrop and Dadswell (1952) and believed to be caused by sliding or intrusive growth (TimeIl 1981) . Recently Yoshizawaet al. (1985) indicated that flattened and L-shaped tips of tracheids increased in number with the development of compression wood due to disturbed intrusive growth between adjacent cells.
As indicated by us (Lee & Eom 1984; Eom & Lee 1985) , the cross field pits in the earlywood of compression wood show narrower and steeper apertures than in opposite wood because of the border on the tracheid side (Figs. 10 & 11) . Onaka (1949) reported that the simple pits connecting the ray parenchyma cells in compression wood were the same in all species, and thus could not be used as diagnostic guide in the same way as for normal wood.
Inconspicuous nodular end walls and indentures in ray parenchyma cells, trabeculae, and strand tracheids around vertical resin canals were found both in compression wood and opposite wood of Korean pine (Figs. 8, 10, 12, 13) as identified in normal wood by us (Lee & Eom 1987 ). Yumoto and Ohtani (1981) indicated the presence of spiral grooves in the trabeculae of compression wood and concluded that these trabeculae were composed of the same cell walllayers as those of host cells.
In quantitative features, tracheid lengths are 480 to 2,100 Ilm (average 1,220 11m) in compression wood and 520 to 2,500 11m (average 1,440 llm) in opposite wood, and thus tracheids of compression wood are shorter than those of opposite wood. Shelboume and Ritchie (1968) indicated that tracheid length of normal wood was greater than that of compression wood with an inverse relationship with compression wood intensity and TimeIl (1973) reported that the tracheids were relatively long in opposite wood, short in compression wood, and interrnediate in normal wood. Park (1984) , also, found that the length of latewood tracheids increased slightly from the compression side toward the lateral side but decreased thereafter to the opposite side in peripheral positions. The wall thicknesses of tracheids are 3.5 to 5.3 11m (average 4.2 11m) in compression wood and 1.9 to 3.0 11m (average 2.4 11m) in opposite wood. Panshin and De Zeeuw (1980) recorded that wall thickness of compression wood tracheids was approximately twice that of comparable normal tracheids. Park (1986) reported that wall thickness of latewood tracheids decreased towards the opposite side from the compression side but such a decrease could not be demonstrated in earlywood.
The numbers of vertical resin canals contained in cross surfaces of 4 1t mm' are 12 to 16 (average 14) in compression wood and 18 to 30 (average 23) in opposite wood, thus agreeing with the observation by Onaka (1949) that they are fewer in compression wood than in opposite wood. The numbers of horizontal resin canals (fusiform rays) contained in tangential surfaces of 4 1t mm" however, are 22 to 29 (average 24) in compression wood and 8 to 12 (average 10) in opposite wood, which means that horizontal resin canals (fusiform rays) in compression wood are more numerous than in opposite wood.
The widths and heights of fusiform rays are 50 to 100 11m (average 69 11m) and 140 to 340 11m (average 238 11m) in compression woodrespectively, and their respective widths and heights inopposite wood are 35 to 60 11m (average 47 11m) and 120 to 360 11m (average 266 11m). Thus, fusiform rays in compression wood are wider and lower than in opposite wood. Furthermore, fusiform rays in compression wood show rugged shapes differently from those in opposite wood (Figs. 14 & 15) . The numbers of uniseriate rays per mm' in tangential surfaces are 35 to 52 (average 44) in compression wood and 31 to 42 (average 32) in opposite wood and their heights are 20 to 300 11m (average 146 11m) in compression wood and 30 to 180 11m (average 108 11m) in opposite wood, and thus the uniseriate rays in compression wood are more numerous and higher than in opposite wood. Also, the numbers of biseriate rays contained in tangential surfaces of 4 1t mm' are 12 to 21 (average 15) in compression wood but their detection is very difficuIt in opposite wood. Verrall (1928) reported that the rays were slightly but consistently more frequent in compression wood than in normal IAWA Bulletin n.s., Vol. 9 (3),1988 wood and Kennedy (1970) indicated that compression wood had a much greater proportion of narrow rays, in part biseriate, than normal wood. TimeH (1972) suggested that the larger number and size of the rays as occasionally observed in compression wood, is associated with rapid growth characteristics of this wood. Also, Kramer and Kozlowski (1979) noted that the anatomy of ray cells was essentially the same in normal wood and compression wood though sometimes a higher frequency and larger size of ray cells occur in compression wood, reflecting a higher overall rate of growth.
Conclusion
Distinct anatomical differences between compression wood and opposite wood which formed in the branch of Korean pine (Pinus koraiensis) occurred both in the qualitative and quantitative features.
In the qualitative features, the tracheid transition from earlywood to latewood in compression wood was even more gradual than in opposite wood, which made demarcation between earlywood and latewood in opposite wood easier than in compression wood. Though considerable variation of growth ring width was observed both in compression wood and opposite wood, the compression wood showed wider ring width than opposite wood because of growth eccentricity. The opposite wood revealed a great variation in Iatewood proportion among the rings and within a ring as weH, but a more or Iess constant and very Iarge Iatewood proportion was noted in compression wood. Therefore the compiete width of the ring in compression wood seemed to consist entirely of latewood, while the ring in opposite wood appeared to be made up mostly of earlywood. When viewed in cross section, the shape of tracheids was generally round in compression wood as contras ted with ·the square and rectangular shape in earIywood and Iatewood respectively of opposite wood. Intercellular spaces, traumatic vertical resin canals, distorted tracheids, and helical cavities were observed only in compression wood. The vertical epithelia around resin canals in compression wood were arranged in vasicentric, aliform, and confluent forms, whereas the opposite wood showed only vasicentric epithelium. The cross field pits in compression wood seem unsuitable for diagnostic purposes due to severe morphological alteration, but the pits in opposite wood appeared to be useful as an identification criterion because of only a very slight deviation from the fenestriform type, typical of normal wood.
In quantitative features, on the other hand, compression wood tracheids showed shorter lengths and thicker walls than opposite wood. The vertical resin canals were fewer in compression wood than in opposite wood, whereas horizontal resin canals (fusiform rays) were more numerous in compression wood than in opposite wood. The fusiform rays in compression wood were wider but lower than in opposite wood and had rugged shapes. The uniseriate rays in compression wood were more numerous and taller than in opposite wood. Frequently occurring biseriate rays also appeared typical of compression . wood.
